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2 ‘ Project Overview

Renewable/Remote Energy Grid Reliability National Defense Emergency Aid

As part of the DOE Office of Electricity efforts to create a modern, resilient, reliable, and agile
grid system, we are developing new battery technology characterized by:

A Inherent Safety
A Long, Reliable Cycle Life

A Functional Energy Density
(voltage, capacity)

A Low to Intermediate Temperature
Operation

A Low Cost and Scalability
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Renewable/Remote Energy Grid Reliability National Defense

As part of the DOE Office of Electricity efforts to create a modern, resilient, reliable, and agile
grid system, we are developing new battery technology characterized by:

r— Terminals (+
l [ Termi<na)ls (=)
A Inherent Safety Sodium-based batteries |
_ _ A6th most abundant element on earth.
A Long, Reliable Cycle Life A5X the annual production of aluminum. Sodium
A Functional Energy Density AProven technology base with NGK Sodium/Sulfur b
(voltage, capacity) (NaS) and FzSoNick ZEBRA (Na-NiCl,) systems.

Beta
alumina
ceramics

Sulfur
(S)

AUtilize zero-crossover solid state separators.

A Low to Intermediate Temperature AFavorable battery voltages (>2V).

Operation

A Low Cost and Scalability Na-S (E o~ 2V) Na-NiCl, (E o~ 2.6V)
2Na + 4S & A Na,S, 2Na + NiCl, & A 2Na* + 2CI- + Ni(s)
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As part of the DOE Office of Electricity efforts to create a modern, resilient, reliable, and agile

grid system, we are developing new battery technology characterized by:

A Inherent Safety
A Long, Reliable Cycle Life

A Functional Energy Density
(voltage, capacity)

A Low to Intermediate Temperature
Operation

A Low Cost and Scalability

— Terminals (+)
l I— Te?rminals (=)

Sodium-based batteries

A6th most abundant element on earth.
A5X the annual production of aluminum. Sodium
AProven technology base with NGK Sodium/Sulfur i
(NaS) and FzSoNick ZEBRA (Na-NiCl,) systems.
AUtilize zero-crossover solid state separators.
AFavorable battery voltages (>2V).

a ~300°C Operation!

2Na \Na* + 2CI- + Ni(s)

Beta
alumina
ceramics

Sulfur
(S)




5‘An |l mportant Questioné
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s 1 Lowering Battery Operating Temperature to Drive Down Cost

. . . Installed Cost Estimat
Our Obijective: A safe, reliable, molten Na - $500.00
based battery that operates at drastically $400.00 o
reduced temperatures (near 100 °C). £ sa0000 = i st
& m PCS Install
§ . oPCS
U Improved Lifetime G 920000 m Battery Install
A Reduced material degradation $100.00 " Battery Eapt
A Decreased reagent volatility .00
A Fewer Side reaCtionS . Original NaS LowTemp NaS
U Lower material cost and processing Gao Liu, et al. 6A Seb@pla@wneRevol ution.
https:// ei.haas.berkeley.edu /education/c2m/docs/Sulfur%20and%20S
ﬁ Seals odium%20Metal%20Battery.pdf
Separators
A Cell body ]
ow Temperature
A Polymer components? jon Conducting

Ceramic

U Reduced operating costs

Low T°C
Molten Salt

U Simplified heat management costs
Catholyte

A Operation
A Freeze-Thaw

= .



7 1 Research Team

SNL NaBattery FY19 Budget $650k Students

SNL Team Current and (‘)Form‘
Ryan Hill
A Dr. Martha Gross (Postdoc) Sara Russo r
ol nterfaci al Engineering in Sodium Batterie@uf,ﬁreStar |
A Dr. Stephen Percival (Postdoc converted to Staff) Rose Lee
ONext Generation Cell Design and Mat e Z ' f e

A Amanda Peretti (Technologist)
0Solid State SeparatorBdeack| Bptmearti € O

A Dr. Leo Small
A Dr. Josh Lamb

External Collaborations:
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A Prof. YT Cheng (University of Kentucky) = 3
ooUnderstanding the Mechanical Behavio¥ =of
El ectrochemical Energy Stor age6 AlChEregional Chem ECar champions! ‘
A Prof. Youngsik Kim (Ulsan National Institute of Science and Technology)

o0 SecondaryNaSICONlevelopment and supply



s 1 Low Temperature Molten Sodium (Na -Nal) Batteries

I
Realizing a new, low temperature molten Na battery requires new battery
materials and chemistries. ‘
Ingredients for Success 26~ —> @ Discharge Process |
A Molten Na anode Molten Sodium ;‘f‘::-.: Molten Halide Salt
A Highly Na*-conductive, zero -crossover INa* s S .
separator (e.g., NaSICON ?;:g;j Iy
A 25 mol% Nal in AlX, catholyte t t 1 t |
Anode Anode NaSICON Cathode+ Cathelyte Cathode Current
Gcl:::lr:::ntr {Solid Electralyte) (Liquid Electrolyte) Collectar |
Na-Nal battery: i
Candidate catholyte salts include i
NaA Na'+e E°=0V AICL. AIB
Iy +2e A 3 E0=3.24 3 AIBI3 ‘

2Na+ 1l A 2Na +3F B, =3.24V



o I Low Temperature Molten Sodium (Na -Nal) Batteries

Realizing a new, low temperature molten Na battery requires new battery
materials and chemistries.

Ingredients for Success 26— \
A Molten Na anode . I.:aSIICtONH Cathon . Cattrz:oc:le t
A Highly Na*-conductive, zero -crossover = S
separator (e.g., NaSICON N
A 25 mol% Nal in AlX, catholyte olten |
dium '

Na-Nal battery:

NaA Na"+e E°=0QV
I, +2e A 3 E°=3.24

2Na+ 1 A 2Na +3F B, =3.24V

Martha Gross I



LastYear 0s OReal |l vy

First demonstration of Molten Na -Nal
battery at 100 -110°C.

The Nal-AlBr; catholyte system is molten and
exhibits excellent electrochemical behavior at
reduced operating temperatures.

U 25:75 NalAlBrssalt completely molten at 90 °C
u Large fully molten capacity range (~5 -25 mol%Nal)

lodide is electrochemically active

25 mol% NatAlBr
B in 25 mol% NatAIBr, at 90°C
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E /V (vs. Na/Na*)

, Current Dergity /Acm?
(V)]

ot
n

Cool

0
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Battery cycling at 100-110°C!
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117 1 FY19 Focus

FY19 Priority: Applying new materials innovations,
demonstrate improved cycling performance of Na -
Nal battery operating near 100 °C.




12 1 ldentifying a Viable Na -Battery Test Platform

Cell geometry, interfacial interactions, and materials compatibility were identified as key design elements.

Re-Engineered Cell Variants Importance of Seals

A functional cell design is critical to Testing failures in many prototypes
prototype development and testing. was due to compromised seals.

New Cell Designs
Sodium reacting

Enable easy assembly, high with the Kalrez g 4ium Compatible Seal Material
throughput and functional geometry o-fng

Polyethylene seals
from molten
polyethylene to seal
the sodium side
M Not re -useable and

: hard to apply
properly
Identified new
EPDMo-rings that

do not react with
molten Na

Polyethylene seal

Many new cell designs
and geometries built
and tested (7 different
types!)

Molten Salt Compatible Seal Material

Some designs were
time consuming,

Vapors from molten
salt aggressively
attacking the epoxy

seals
Glass to metal

seals eliminate
unwanted side
reactions from
salt vapors

) Includes 3 designs that are fully
laborious and could interchangeable and reusable

be used only once!




13 I Low Temperature Molten Sodium (Na -Nal) Batteries

Realizing a new, low temperature molten Na battery requires new battery
materials and chemistries.

Ingredients for Success 26— \
A Molten Na anode . I.:aSIICtONH Cathon . Cattrz:oc:le t
A Highly Na*-conductive, zero -crossover = S
separator (e.g., NaSICON N
A 25 mol% Nal in AlX, catholyte olten |
dium '

Na-Nal battery:

NaA Na"+e E°=0QV
I, +2e A 3 E°=3.24

2Na+ 1 A 2Na +3F B, =3.24V

Martha Gross I



14 I NaSICON Synthesis

Thermal analyses reveal pathway to functional

Exo |

102 NaSICON 0.2

conversion 0.15
100 —_
\ o B
32 98 0.05 >
w =
s 96 0 3
-0.05'5

94
-0.1
92 -0.15
0 200 400 600 800 1000 1200 1400
Temp °C

—Mass % —DTA (uV/mg)

A DTA/TGA show water removed from

precursor powder by ~250AC.
A NaSICON conversion reaction

evident between 1150-1230 AC.
A Sintering above 1230AC A poor

ceramic integrity (melting?)

NaSICON calcined to
remove hydrates,
sintered at 1230AC,
yields >94% density and
>0.4 mS/cm at 25AC.

These ceramics are
suitable for lab-scale
testing of molten sodium
batteries.

NaSICOMynthesis!

1060 °C
/

NaSICON
peak

Zircon (200)
Zircon (211)

g
o
(=9
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Temperature (°C)
D
o
)

Possible
intermediate
of Nas(PO,)

Cubic Na3(POd)

————

Cubic Nay(POa)

Nag(PO,),(H,0)

Zircon (101)

100 120 °C

20 25 30 35

20 (degrees)
VTXRD shows conversion of Zircon
and cubic Na;(PO,) to NaSICON
starting near 1100AC

Hydrate form of Na,(PO,) up to
120°C, converts to cubic Nay(PO,)
at ~300°C.
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Thermal analyses reveal pathway to functional
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precursor powder by ~250AC.

A NaSICON conversion reaction
evident between 1150-1230 AC.

A Sintering above 1230AC A poor
ceramic integrity (melting?)

NaSICON calcined to
remove hydrates,
sintered at 1230AC,
yields >94% density and
>0.4 mS/cm at 25AC.

These ceramics are
suitable for lab-scale
testing of molten sodium
batteries.

Molten Na Battery Cell Set-Up

NaSICOMNsynthesis!
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VTXRD shows conversion of Zircon
and cubic Nagz(PO,) to NaSICON
starting near 1100AC

Hydrate form of Nay(PO,) up to
120°C, converts to cubic Nay(PO,)
at ~300°C.



16 1 Low Temperature Molten Sodium (Na -Nal) Batteries

Realizing a new, low temperature molten Na battery requires new battery
materials and chemistries.

Ingredients for Success 26— \
A Molten Na anode . I.:aSIICtONH Cathon . Cattrz:oc:le t
A Highly Na*-conductive, zero -crossover = S
separator (e.g., NaSICON N
A 25 mol% Nal in AlX, catholyte olten |
dium '

Na-Nal battery:

NaA Na"+e E°=0QV
I, +2e A 3 E°=3.24

2Na+ 1 A 2Na +3F B, =3.24V
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7wl Fol l ow t he BouncingéSodi um!

Poor sodium wetting on NaSICONs a problem.

4.5 Improper
(1 7 ( /] Na-wetting
4 1 /] of NaSICON
>
~ 3.5 -
@
oo
S
o 37
> ~ |4 A - H P L Red arrows pointing to shorts
25 41 1100C Improper wetting Shorted NaSICON
100°C leads to current
2 . : : : : . constriction
0 20 40 60 80 100 through small
Time / Hr active areas of

NaSICON
eventually forming
shorts.



sl Foll ow the BouncingeéeSodi um!

Poor sodium wetting on NaSICON
IS a problem.

Improper
Na-wetting
of NaSICON

Red arrows pointing to shorts

Improper wetting Shorted NaSICON
leads to current
constriction
through small
active areas of
NaSICON
eventually forming

shorts.




NaSICON Coated with Sn -Based Coating Shows Drastically
Improved Adhesion!




20 I An Improved Na Interface

I
Current Density
-2

Symmetric cell cycling (Na on both (mOA;m: ) A T O ‘
sides) shows that the Sn-based T ! ! i i i
coating improves wetting on | | | | | |
NaSICON and drastically reduces | | | |
overpotentials on cycling! I
This improved interface is critical to | | | | |
realizing effective battery
performance. |
Untreated With Sn-Based
NaSICON Coating i

Martha Gross



